Experiments have shown that actin is structurally polymorphic, but knowledge of the details of molecular level heterogeneity in both the dynamics of a single subunit and the interactions between subunits is still lacking. Here, using atomistic molecular dynamics simulations of the actin filament, we identify domains of atoms that move in a correlated fashion, quantify interactions between these domains using coarse-grained (CG) analysis methods, and perform CG simulations to explore the importance of filament heterogeneity. The persistence length and torsional stiffness calculated from molecular dynamics simulation data agree with experimental values. We additionally observe that distinct actin conformations coexist in actin filaments. The filaments also exhibit random twist angles that are broadly distributed. CG analysis reveals that interactions between equivalent CG pairs vary from one subunit to another. To explore the importance of heterogeneity on filament dynamics, we perform CG simulations using different methods of parameterization to show that only by including heterogeneous interactions can we reproduce the twist angles and related properties. Free energy calculations further suggest that in general the actin filament is best represented as a set of subunits with differing CG sites and interactions, and the incorporating heterogeneity into the CG interactions is more important than including that in the CG sites. Our work therefore presents a systematic method to explore molecular level detail in this large and complex biopolymer.
INTRODUCTION
Actin monomers (G-actin) assemble into double helical filaments (F-actin), which form mesh-like structures that provide mechanical support to cells and determine their shape (1) . Actin filaments also play important roles in cell mobility, division, adhesion, endocytosis, and intracellular transportation (1) . A variety of mechanisms regulate the conformation and mechanical properties of actin filaments and networks, including >100 actin-binding proteins and ligands (1) (2) (3) (4) (5) . The nucleotide at the core of each actin subunit can affect filament properties: ATP-bound filaments have higher bending (6, 7) and torsional rigidities than ADPbound filaments (8) . The inherent coupling between actin subunit conformation and large length scale properties of actin filaments and networks makes it critical to explore actin conformations that could facilitate different functions in cellular processes.
Both experimental and computational studies on G-and F-actin have shown that actin exists in multiple conformations and exhibits a range of filament properties . As an example, subdomain 2 of actin, particularly the D-loop region, appears to be highly conformationally mobile. A comparison of early x-ray structures of G-actin (13, 15) showed that the D-loop folds into an a-helix in the ADP state but does not form a well-defined secondary structure in the ATP state. Rould et al (17) suggested that the helical D-loop in ADP actin was a result of specific crystal packing interactions between actin subunits.
Meanwhile, computational studies have explored the stability of the D-loop (16, 19, 21, 22) . In some molecular dynamics (MD) simulations, the D-loop unfolds from a helical to a coiled conformation (19) in G-actin. This transition was explored in a more systematic manner using the metadynamics simulations (22) . The most recent experimental conclusion is that in actin the D-loop can adopt multiple configurations, but these configurations have not been clearly correlated to a particular nucleotide state. Rather, ATP-and ADP-bound G-actin is believed to differ primarily in two loops: the b-hairpin loop containing Ser-14 and the sensor loop with the methylated His-73 (1) .
F-actin also exists in different conformational states, which can coexist in the same filament. A recent cryoelectron microscopy study (25) identified six distinct structural modes of actin, which differed in the contacts between neighboring subunits, and in most cases in the conformation of the D-loop. These differences in contacts may cause variations in twist angle along the filament, explaining experiments that show that the twist angle of each actin subunit along the actin filament is broadly distributed despite the longitudinal rise remaining roughly the same (10) . Orlova and Egelman (12) hypothesized that the energy landscape of the twist angle per subunit was not a simple harmonic form, but may have many local minima. Taken together, these results suggest that each subunit could be trapped at some specific twist angle for long periods of time in one of several structurally polymorphic states and thus the actin filament consists of an ensemble of different subunit states.
MD simulations have complemented the experimental research into actin filament structure and properties. One area of interest is the hypothesis that different conformations favor specific intersubunit interactions, which in turn affect macroscopic properties. Chu and Voth (16) investigated how the persistence length of actin filaments varied with changes in D-loop conformation, finding that ATPbound, unfolded D-loop filaments had twice the persistence length of those that were ADP bound and had a folded D-loop. Pfaendtner et al. (26) refined this study using improved filament structures (23) and found that the unfolding of the D-loop increased the persistence length regardless of the state of the bound nucleotide. More recently, a study comparing different F-actin models showed the spontaneous development of heterogeneous subunit conformations and intersubunit interactions that were consistent with the modes observed in the cryo-electron microscopy studies mentioned previously (29) . These studies again show how local conformational changes can propagate to affect macroscopic filament properties.
In this work we apply systematic coarse-graining (CG) methods to quantify the differences between subunits in filaments composed of multiple configurational states and explore how allowing different interactions between different pairs of actin subunits affects the properties of a filament. All-atom MD simulations of actin filaments either ATP or ADP bound reveal a range of actin subunit configurations and the filament properties calculated from these simulations are consistent with previous experimental results. Two CG methods allowed us to quantify the differences between subunits. Essential dynamics coarse-graining (ED-CG) (30) identifies domains in which atom motions were highly correlated (dynamic domains) and the heterogeneous elastic network model (HeteroENM) algorithm (31) quantifies how strongly the domains interact with one another. The results show that both the domain composition and the interaction strengths vary between subunits within the same filament. One of the advantages of CG analysis is that it does not rely on differences in single residue interactions but rather captures information about more collective differences in structure and dynamics. Based on this analysis, three sets of CG models were built to determine how heterogeneity between subunits impacted filament properties. The results of these simulations show that only CG actin filaments that incorporate heterogeneous interactions correctly reproduce the persistence length, twist angle, and torsional stiffness. Our work thus reveals that filament properties are strongly affected by structural polymorphism, and demonstrates a systematic method to explore the dynamics of this complex biological polymer.
METHODS

Atomistic MD simulations of actin filaments
Both ATP-and ADP-bound filament systems were setup based on PDB entry 2ZWH (23), with Mg 2þ placed at the high-affinity cationic binding site and explicitly incorporating the first solvation shell of waters around the cation (28) . Filaments containing 13 subunits were created as described previously (16, 26, 28) . The filament was solvated in explicit TIP3P water molecules (32) and potassium and chloride ions were added to a final concentration of 0.18 M using the solvate and autoionize tools in VMD (33) , with a minimum 8 Å of solvent between the protein and the boundaries in the x-and y-directions. The filament was aligned to periodically repeat along the z-direction, interacting with itself at the box edges.
Simulations were performed using NAMD (34) and the CHARM 22/27 force field with CMAP correction (35) . Electrostatic interactions were calculated using the particle mesh Ewald sum method (36) with a cutoff of 12 Å . An integration time step of 2 fs was used while constraining all intramolecular hydrogen-containing bonds with the SHAKE (37) algorithm. Each system was energy minimized, heated, and equilibrated for 100 ps in the canonical ensemble while harmonically restraining the protein backbone, nucleotide, and active site water oxygen atoms. The NAMD barostat was applied to maintain a pressure of 1 atm and the system was equilibrated for an additional 200 ps. Constraints were released stepwise over 100 ps before starting the production run. The temperature was maintained throughout at 310 K using a Langevin thermostat with damping coefficient of 0.5 ps À1 ; in total, 94 and 105 ns data were generated for the ATP-and ADP-bound systems, respectively. Unless otherwise specified, the final 10 ns of data were used for CG analysis.
The ED-CG method identifies domains with dynamically correlated atoms
Each subunit was coarse-grained into 6-20 beads using the ED-CG method (25) . This method systematically assigns atoms into different CG sites according to the correlations of atomic motions, and has previously been applied to large protein systems, such as the ribosome, to explore dynamically correlated domains (38) . The theory underlying this method is described in the Supporting Material.
Two kinds of CG filaments were created using the ED-CG method. In the heterogeneous CG filament, unique CG sites for each subunit were obtained by applying the ED-CG analysis to the trajectory of each individual subunit. In the uniform CG filament representation, the same CG sites were used for all subunits; these were obtained by analyzing the pseudotrajectory consisting of the concatenation of the 13 individual subunit trajectories.
Comparing the similarity of CG sites
A simple algorithm was devised to quantify the similarity of CG sites in different subunits. For a pair of CG sites, overlapping residues are defined as those residues that are in both CG sites. A CG site in subunit B is defined as being analogous to a site in subunit A if, of all the sites in B, it contains the maximum number of overlapping residues. To calculate the similarity of A to B, the sum of the number of overlapping residues in the analogous CG site in B for each site in A is determined, and normalized by dividing by the total number of residues in a subunit.
CG interactions are obtained using HeteroENM
To extract the effective interaction strength between each CG pair, the HeteroENM method (31) was used. In this method, all interactions are modeled using harmonic springs, and the stiffness of each spring is iteratively adjusted until the fluctuations of the CG model as predicted from normal mode analysis match the fluctuations observed during an all-atom MD simulation. This method is more fully described in the Supporting Material.
For the heterogeneous CG filament system (set 1), each subunit was individually coarse-grained and parameterized. In addition, two more uniform models were developed-sets 2 and 3. In set 2, each subunit was represented by the same set of CG sites but the interactions between CG sites Biophysical Journal 103(6) 1334-1342 were allowed to differ. In set 3, both the sites and the interactions between specific CG sites were required to be identical in all subunits.
CG simulations
A 0.2 ms trajectory was generated for each CG set using Langevin dynamics with a 2 ps inverse friction constant (to damp harmonic oscillations in the absence of solvent) coupled to the Nóse-Hoover thermostat at 310 K and 2 fs integration time step, using GROMACS 4 (39) . Systems equilibrated quickly (<10 ns). The final 0.1 ms of these trajectories were used for analysis.
Calculating the twist angle per subunit, persistence length, and torsional stiffness from MD and CG simulations
To calculate experimentally measurable properties from simulation trajectories, we linearized the actin filament and determined the twist angle of each subunit as described in the Supporting Material. The persistence length was calculated as described in (18) . The torsional stiffness (C) was derived based on the equipartition theorem,
where Db is the standard deviation of the twist angle between two subunits with their COM separated by distance h.
Free energy of CG systems
The free energy of the coarse-grained systems was calculated analytically from the enthalpy and entropy derived using normal mode analysis (40) . These energy terms are exact for the present CG model because the CG systems are coupled networks of harmonic oscillators; the derivation is provided in the Supporting Material.
Note: All error estimates are given as the standard deviation unless otherwise noted.
RESULTS AND DISCUSSION
Properties of actin filaments extracted from MD simulations are consistent with experimental results
We calculated several properties of actin filaments from MD simulation data to demonstrate that the MD simulations correctly captured important long length scale filament features. These results, summarized in Table 1 , are consistent with experimental measurements. The half twist length and twist angle per subunit do not distinguish between ATPand ADP-bound systems because the geometries of the two systems are similar. However, the nucleotide is known to affect mechanical properties including bending rigidity (K), persistence length (L p ¼ K/k B T), and torsional stiffness. On the basis of our simulation data, L p was calculated to be 12.0 5 2.2 mm for ATP-bound actin and 9.9 5 2.1 mm for ADP-bound actin. These results agree well with the experimental measurements, 13.5 5 1 mm and 9 5 1 mm (6,7), which reflect that the ADP binding softens the actin filament bending mode, as noted in previous studies (16, 26) . The torsional stiffnesses, 0.65 Â 10 À26 Nm 2 /rad and 0.47 Â 10 À26 Nm 2 /rad for ATP-and ADP-bound filaments, respectively, were also comparable to experimental values (41) (42) (43) (44) (45) .
A variable twist angle is coupled to polymorphism in actin structure From our MD simulation data, the twist angle distribution was quantified and is shown in Fig. 1 . In both the ATPand ADP-bound filaments, the twist angles are broadly distributed from 160 to 172 , consistent with previous experimental results (9,10), even though periodic boundary conditions were imposed. Enforcing these boundary conditions means that the twist angle is constrained to~À166.2 . The broad distribution of twist angles along the filament is perhaps surprising under these conditions and is in itself a strong indication that subunits are behaving heterogeneously in the filament. The twist angle does show some nucleotide dependence: in the ATP-bound filament, the twist angle is twice as likely to be between 163 and 166 than it is between 166 and 169 , whereas in the ADP-bound filament it is more likely to be between 165 and 167 than it is between either 163 and 165 or 167 and 171 . Neither distribution curve is unimodal, supporting the hypothesis that there are multiple local energy minima (12) .
MD simulations also enable us to directly visualize configurations of each subunit. At this level of detail, the Data are from (6, 7, (41) (42) (43) (44) (45) ).
x ADP-BeF, an ATP analog from (6). Fig. S1 a. A folded-to-unfolded D-loop transition has been previously reported in the MD simulation of G-actin (19) , but this is the first report, to our knowledge, of the reverse transition in either G-or F-actin. The probability of observing a folding event is quite low; the fact that we have observed this transition in a relatively short simulation window suggests that in the filament the barrier to folding is very low, and that the folded state is favored under certain local filament conditions. In conjunction with the variations in D-loop structure, subunits also differ in the N-terminal configuration and in the contacts they form with their longitudinal neighbors, as shown in Fig. S1 and further discussed in (29) . This is consistent with experimental observations (25) suggesting that changes in the D-loop conformation are coupled to differences in longitudinal contacts; this range of contact types would be expected to induce a broad range of twist angles, such as that shown in Fig. 1 . Similar results are seen in the ATP-bound filament (data not shown).
CG analysis reveals variation in dynamic domains and in interactions between these domains in different subunits within an actin filament
Simply observing differences in morphology between subunits does not provide information about their collective motions. To reveal differences in the internal correlated dynamics of individual subunits, we applied the ED-CG method (30) to our MD simulation data. This method systematically divides atoms into dynamic domains based upon the identification of which atoms show correlated movements during the slow modes of motion obtained from principle component analysis (46) . The results show that the atoms assigned to each dynamic domain vary from one subunit to another. To illustrate this, Fig. 2 shows the ED-CG map for a 6-site per subunit CG model with each site colored differently. In panel 2 a, which shows the CG site mapping for the ATP-bound filament, for example, the dark blue domain shows that S-loop (residues 11-16) is grouped with N-terminal (residues 1-5) in four subunits (subunit index 2, 4, 8, 11) . The light blue domains reveal that the H-loop (residues 70-78) is in the same group as G-loop (residues 154-161) in two subunits (7th and 12th). In orange, the V-stretch (residues 227-237) and H-plug (residues 263-273) are grouped together in two subunits (6th and 13th). Similar variations in CG grouping are found in the ADP-bound filament (Fig. 2 b) . Four typical different 6 CG sites subunit configurations are plotted in Fig. 2 c, and the complete list could be found in Fig. S2 for the ATP-and ADP-bound filament. It should be noted that because of the limited timescales that are accessible to MD, we can only observe this configurational heterogeneity by comparing different subunits within the filaments. As has been shown experimentally (47) , transitions between states within a particular subunit are expected to occur on significantly longer timescales. One of the long-range objectives in characterizing the CG dynamics of the actin system is to create realistic CG models that we will be able to simulate on the timescale of seconds or longer.
To quantify the differences in conformation and examine the effect of increasing the resolution of the CG model (number of CG sites) on heterogeneity between subunits, we calculated the similarity index, as described in the Methods section. Fig. 3 , a and b, show the average similarity between subunits as a function of the number of CG sites in the model. As the model resolution increases, the similarity between subunits increases to a plateau of~75-80%. In Fig. 3, c and d , the similarity matrices for the 6 and 16 CG site models of the ADP filament are shown. It is interesting to note that the highly similar subunits are not necessarily conserved as the number of CG sites increases. For example, in the 6-site CG model, subunit 7 is similar to subunit 1, whereas in the 16-site CG model this similarity is lost despite the overall increase in the average similarity. This suggests that different dynamic motions are being captured in the different CG representations.
The effective interactions between pairs of CG sites were determined using the HeteroENM method. Meaningful comparison between the interactions was complicated by the fact that the definition of CG sites in the filament was not identical. A more reasonable standard would be to compare the interactions between the same groups of atoms in different subunits. To accomplish this, a uniform mapping from the atomistic to the CG representation was needed. To determine the optimal uniform mapping, the ED-CG method was applied to the concatenation of the trajectories of all the individual subunits within the filament. Using this mapping, the CG pair interactions were then determined using the HeteroENM method. Fig. 4 illustrates the variation in CG interactions for different subunits using the CG spring constants, k ij , for an intuitive minimalist CG map of four sites (one for each subdomain, see reference (16) ). We show the 4-site data both for simplicity in comparing interactions and to illustrate the unique role of CG site 2 (which includes the D-loop), although the same trend applies for CG models with more sites. The six intrasubunit interactions are plotted using different colors and symbols, and the intersubunit interactions are plotted in gray dots. Variation in the k ij values can be seen in the vertical variation of points of the same color. For example, k 34 (red circles) varies from 4 to 16 kcal/mol Å 2 for equivalent CG pairs in different subunits. Further examination of the intrasubunit interactions (data listed in Table S1 ) shows that the three interactions involving CG site 2 have a much higher relative variation in k ij . CG site 2 appears to be highly dynamic because its interactions vary more between subunits than any other CG site. This is probably at least partially due to the conformational mobility of the D-loop segment. These results are consistent with very recently published work using a different CG methodology that also identified variations in the interactions of subdomain 2 (48) .
The strength of the k ij value of the intersubunit interactions decreases rapidly as the distance between CG sites increases, implying that interactions between nearby subunits are the most important. CG simulations using only the interactions with the six nearest subunits reproduced the results obtained using no cutoff criteria, confirming that relatively local interactions determine filament behavior.
Only CG simulations that incorporate heterogeneous interactions yield the correct filament properties
Using CG analysis methods, we have identified heterogeneity in both the identity of the dynamic domains and in the interactions between them in actin filaments. To examine the importance of this variation, three sets of CG systems were constructed based on the results from ED-CG and HeteroENM methods. Set 1 contains different CG sites in each subunit and different interactions between CG sites for each subunit. This CG mapping is obtained by applying the ED-CG algorithm to the whole 13-subunit filament without requiring that the subunits be coarsegrained identically. Sets 2 and 3 use the same CG sites in every subunit (i.e., a CG mapping is obtained by requiring the ED-CG method to give the same CG sites in each subunit while using averaged data from the whole filament to determine the average value and the standard deviation of the distances between CG sites). In set 2 the CG interactions between equivalent CG pairs vary between subunits, whereas in set 3 they are the same for all subunits within the filament.
We quantified the persistence length and torsional stiffness of actin filaments from simulations with the three CG models detailed previously, and compared them to atomistic MD results. As shown in Figs. 5 and 6, only sets 1 and 2 reproduce the correct filament properties. The calculated persistence lengths for ATP-and ADP-bound actin filaments are also plotted in Fig. 5 a and Fig. S3 a as a function of the number of CG sites used in the model. The results from sets 1 (red) and 2 (green) agree well with MD simulation results (black), whereas the results from set 3 (blue curve) are significantly larger and increase with the number of CG sites. In Fig. 5 b and Fig. S3 b, the torsional stiffness is plotted as a function of the number of CG sites. Similar to what was seen in the L p plots, sets 1 (red) and 2 (green) reproduce the atomistic value (black) reasonably well for both filaments, whereas in set 3 (blue) the torsional stiffness increases with the number of CG sites. For N CG <10 in the ATP-bound filament, set 3 yields a smaller torsional stiffness, whereas for N CG >10 it yields a larger torsional stiffness and seems to stabilize as N CG >15. In the ADP-bound filament, when N CG <8, the torsional stiffness values are comparable with the atomistic MD one, but for N CG R8, it becomes larger and stabilizes at N CG >15. This indicates that for a small number of CG sites, a model with uniform effective interactions could still represent the elasticity of actin filaments reasonably well (in agreement with our previous CG simulation results (18) ), whereas for a larger number of CG sites it fails to do so. When the number of CG beads increases, the corresponding intra-and intersubunit CG interactions become more diverse and heterogeneous, and so CG systems with uniform effective interactions fail to reproduce the correct physical filament properties. This result is especially important because it shows that a biomolecular complex such as actin that has been overly coarse-grained can give results for a few properties that may appear quite good when in fact the information content (and presumably its predictive capability) of that CG model is relatively minimal.
To examine how well the CG model captures the inherent heterogeneity of the actin filament, the twist angle per subunit and twist angle distribution are plotted in Fig. 6 , a and b, respectively, for ATP-bound CG filaments, and Fig. S4 for ADP-bound CG filaments. All data shown here are from CG simulations with N CG ¼ 20; this example shows the most variance between the different CG models. Fig. 6 a and Fig. S4 a show that the twist angle of CG set 1 (red curve) and set 2 (green curve) remain variable, in agreement with MD results (black curve), and the distribution is broad ( Fig. 6 b and Fig. S4 b) , whereas the distribution from set 3 is not as variable, nor as broad, and it forms a smooth Gaussian-like distribution (blue curve). The fact that the random variable twist angle could only be reproduced with heterogeneous interactions (set 1 and set 2) also indicates that structural polymorphism and the associated differences in the interactions between subunits may be a key factor in generating a variable twist angle along the filament.
As long as heterogeneous interactions are permitted, additionally adding heterogeneity in the identity of CG sites appears to have only a minimal effect on the free energy of the model Because sets 1 and 2 yielded similar results for all of the filament properties discussed previously, it is worthwhile to further compare these two CG systems to evaluate their relative merits. The free energy was calculated for both ATPand ADP-bound CG filaments (data summarized in Table 2 ). We found that for the ATP-bound filament the free energy of set 1 is consistently slightly smaller than that of set 2 for NCG ¼ 6 to 20, indicating that set 1 may better represent the ATP-bound all-atom system, but that the effect is not great. For the ADP-bound filament, the free energy of set 1 is very close to that of set 2 when taking the error limit into consideration for NCG ¼ 6 to 12. For NCG ¼ 16 and 20, the free energy of set 1 is slightly smaller than that of set 2. This indicates that sets 1 and 2 are equally good at representing the ADP-bound all-atom system for NCG <16, and for larger NCG values set 1 represents the system slightly better. This is interesting because, as shown in Fig. 3 , when the number of CG sites is large the beads become more similar when comparing the same beads between subunits. What this implies is that even though the beads in set 1 are very similar at NCG ¼ 16 and 20, the small differences between them make some impact on the free energy calculated by this method. Despite these differences in free energy, for the purpose of calculating the long-range properties of the system included in this work the simple CG representation in set 2 appears quite good. Furthermore, the free energy difference analysis indicates that in general the heterogeneity of CG interactions (used in set 1 and set 2) is more important than that of CG sites (incorporated only in set 1).
CONCLUSIONS AND PERSPECTIVES
Our work has explored the influence of heterogeneity on actin filament properties. We first carefully constructed atomistic filament systems, performed MD simulations, and obtained results consistent with experiments, including comparable mechanical properties, random variable twist angles, and the coexistence of subunits of different modes. Two mechanical properties, persistence length and torsional stiffness, were determined from MD simulations, which showed that ATP-bound filaments are more rigid than ADP-bound filaments based on either persistence length or torsional stiffness. These values are comparable to experimental measurements (6, 7, (41) (42) (43) (44) (45) , and agree with previous MD simulations (16, 26) . We have quantified the subunit twist angle for both filament systems and observe that it varies significantly along the filament and is broadly distributed, consistent with experimental observations (9, 10) . These results support the hypothesis that the subunit twist angle exists in a rough energy landscape and can occupy multiple minima in actin filaments (12) .
MD simulations enable us to visualize the molecular details of the system in addition to providing information about larger scale properties. In the ADP-bound filament, one of the D-loops in the ADP-bound filament spontaneously folded from an unfolded conformation and the conformations of the other D-loops differed between subunits. This direct observation of actin subunits with different structures coexisting in the same filament segment is in agreement with experimental results on structure polymorphism in actin (25) . The folded-to-unfolded transition has been previously observed in G-actin (19) , whereas the reverse transition has not. Getting a protein to fold enough times to be statistically significant within the timescales that can be sampled by MD without some type of biasing force is, at this point, an unrealistic goal even for small systems. This is why many studies of protein folding will start from a folded state and heat the system to promote unfolding. In the actin filament this problem is further complicated by the fact that we have only relatively low-resolution structural data on the contacts formed between the D-loop and the adjacent subunit. It is entirely possible that many of the unfolding events that have been observed in previous studies are because the filament environment around the D-loop is not optimal. For these reasons, the fact that we observe even one of the loops folding is remarkable. Our group has previously applied an enhanced sampling technique, metadynamics, to study the folding of the D-loop and shown that there is a local minimum for a folded D-loop in the filament environment (22) . The observation of the folding of the D-loop in the current work strengthens these previous findings because it occurred in an unbiased simulation.
The spontaneous folding suggests that the free energies of subunits in different modes are comparable and that the barrier to transition between states is not very high. These different conformations may also provide distinct binding surfaces for different actin-binding proteins (1) (2) (3) (4) (5) . The variations in contact interactions between pairs of subunits observed in MD simulations suggest that actin subunit polymorphism may be coupled to the variations in twist angle along the filament. Different subunit conformations result in distinct longitudinal contacts, which affect the twist angle per subunit, and conversely, changing the twist angle of subunits induces different intersubunit interactions, which then affect the conformations of the neighboring subunits. Future research into the correlation between the conformations of neighboring subunits may provide insight into the mechanism by which actin-binding proteins allosterically affect filament conformation and properties. We further applied CG analysis methods to explore the heterogeneity observed in the atomistic MD simulations. CG analysis has previously been used to analyze different F-actin models and to identify the key interactions in large biomolecular complexes such as the ribosome (38) . The motion of subunits in the filament can be represented based on CG sites, reducing the complexity of the data. In this work, we identified dynamic domains based on correlated motions at the atomic scale using the ED-CG method and found that these domains are different between subunits. This result may at first be unexpected, because each subunit is chemically identical. However, the different local conformations observed in our MD simulations, including different D-loop configurations, can reasonably be expected to form distinct intersubunit interactions, and therefore exhibit different local dynamics. This hypothesis has been further verified by showing that qualitatively different interdomain effective interactions are obtained using HeteroENM.
With the aid of CG simulations, the effects of the heterogeneity in the interdomain interactions have also been explored. The comparison of three sets of CG simulation results suggests that only CG systems with heterogeneous effective interactions can represent the actin filament correctly. Interestingly, we found that including heterogeneity becomes more important as the number of CG sites increases. When N CG is small, CG averages out the heterogeneity in the effective interactions k ij , making these values roughly the same among the subunits. When N CG is larger, the various k ij values capture the interactions at a finer level and reveal key difference in k ij values. Finally, free energy calculations suggest that in general the CG system consisting of subunits with heterogeneous CG beads and heterogeneous effective interactions is slightly better at representing both the ATP-and ADP-bound CG filaments than a model that only includes heterogenous interactions, because each subunit is represented by a group of CG beads tailored specifically to its own dynamics. However, allowing heterogeneity in the CG interactions is significantly more important than allowing that of CG sites, because the model with uniform CG beads but heterogeneous effective interactions across the filament can reasonably represent the filament properties.
In summary, we have examined the structural polymorphism in actin filaments at the molecular level and quantified the heterogeneity in the dynamic domains and in the interactions between these domains using CG analysis. The importance of the variation in effective interactions between the CG domains was also explored. The heterogeneity is focused to be an essential feature of the actin filament and a necessary element to include in a CG model that reproduces the properties of the filament.
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